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ABSTRACT: Electroporation, the application of electric fields to alter the
permeability of biological membranes, has recently become a clinical tool for the
electrochemotherapy treatment of various cancers. Current electroporation theory
assumes that the membrane is permeabilized through the formation of conducting
hydrophilic pores, stabilized by rearrangement of lipid head groups. Here we have
performed molecular dynamics simulations of negatively charged lipid bilayers subject
to high transmembrane voltages together with electroporation experiments on planar
bilayers. Our data reveal a hitherto unknown electroporation process in which large
ion-conducting water columns not stabilized by lipid head groups are formed within
the bilayer’s hydrophobic core. The existence of such hydrophobic pores challenges
the standard theoretical description of pore creation in lipid membranes. Our findings
open a new vista toward fine-tuning of electroporation-based treatments and
biotechnical applications, and, in general, for enhancing the import of various
substrates in liposomes or cells.

■ INTRODUCTION

Electroporation (EP) is a process in which lipid membranes,
the cell envelopes, are permeabilized when subjected to high
enough electric fields.1 The technique also known as electro-
permeabilization2,3 is nowadays widely used in various
applications ranging from in vitro DNA and siRNA cell
delivery4,5 to clinical electrochemotherapy where delivery of
drugs to cancer cells is enhanced.6−8 Experimental evidence
suggests that the electric fields act primarily in the lipid domain
of the membrane, and the key features of EP are based on
theories involving the formation of stochastic pores.9 In
erythrocyte membranes, large pores could be observed by
using electron microscopy,10 but in general, direct observation
of nanosized pores is not possible with conventional
techniques. It is, however, largely accepted that high trans-
membrane (TM) voltages produce aqueous-filled pores in the
lipid bilayer10−14 as evidenced by early molecular-dynamics
simulation15,16 and recent experiments.17,18 The properties of
pores, e.g., size, density, and lifetime (after the electric pulse
shutdown), are key factors that determine how leaky a
membrane can become.19

Traditionally, electroporation is triggered by applying long
(microseconds) electric pulses of low magnitude (kV/m). The
resulting current causes an accumulation of electrical charges at
both sides of the cell membrane over a time that depends on
the electrical parameters of the system, often in the order of
100s of ns.20−24 As the membrane behaves as a capacitor, this
charge accumulation gives rise to a TM voltage. Simulation
protocols have so far been developed to mimic in silico the

effect of low magnitude microsecond pulses (msEP) on planar
bilayers25 by imposing a net charge imbalance across the
membrane. Such a protocol has been used to monitor the effect
of high voltages on zwitterionic membranes.26−31 The
simulations show that it triggers rearrangements of the
membrane components, i.e., water and lipids. When the TM
voltage is above a threshold value characteristic of the lipid
composition, the membrane loses its integrity. This enables the
ionic and molecular transport through the otherwise imperme-
able membranes to increase substantially.18 Electroporation
starts with the formation of water fingers that protrude inside
the hydrophobic core of the membrane. Within nanoseconds,
water wires bridging the two sides of the lipid bilayer appear. If
the simulations are further extended, lipid head groups migrate
along one wire and form a hydrophilic connected pathway and
if voltage is maintained, ions start to flow through this pathway.
Moreover, when the TM voltage is lowered, or is reduced due
to ionic flow across the membrane, the pores collapse to reach a
nonsolvated and nonconductive state.25,27−29 It was shown that
full recovery of the membrane integrity (migration of the lipid
head groups back to the lipid water interface) requires few tens
of nanoseconds.29,32

Although a considerable effort has been devoted to
characterize basic processes of classical electroporation at a
molecular level better, the details of the phenomenon in
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membranes of increasing complexity still remain to be
elucidated. Indeed, to date, most simulations have been
performed on membranes formed by zwitteroinic lipids
(phosphatidyl choline (PC) head groups) with the exception
of a few that considered for instance the presence of negatively
charged lipids to study their externalization,31,33−35 a
cholesterol fraction,36 or Escherichia coli and Staphylococcus
aureus model membranes.37 Membranes which are formed by a
variety of lipids can form several phases, with domains of
various compositions. Today we still lack information about the
response of such membranes to external electrical stress such as
that leading to electroporation. This is precisely what this study
aims at. We characterize here in particular electroporation of
lipid bilayers formed by negatively charged lipids.

■ COMPUTATIONAL DETAILS
We considered a fully hydrated palmitoyl-oleyl-phosphatidyl-
serine (POPS) lipid bilayer embedded in a ∼250 mM NaCl
solution. The system consisted of 392 lipids, 39 200 water
molecules, 576 sodium and 184 chloride ions (a total of 144
624 atoms). The bilayer was first replicated in all three
dimensions and equilibrated at constant pressure (1 atm) and
constant temperature (300 K) (103 × 100 × 160 Å3). At the
temperature set for the study, i.e., 300 K, the bilayer is in the
biologically relevant liquid crystal Lα phase. The area per lipid
reached at equilibration was ∼52.5 Å2, close to the 55 Å2

estimated for a POPS bilayer using a different force field.38

The MD simulations presented here were carried out with
use of the program NAMD targeted for massively parallel
architectures.39 The systems were examined in the NPT (1 atm
and 300 K) or NVT (300 K) ensembles employing the
Langevin dynamics and Langevin piston method. The
equations of motion were integrated by using a multiple time
step algorithm. A time step of 2.0 fs was employed. Short- and
long-range forces were calculated every 1 and 2 time steps,
respectively. Chemical bonds between hydrogen and heavy
atoms were constrained to their equilibrium value. Long-range,
electrostatics forces were taken into account by using a fast
implementation of the particle mesh Ewald (PME) ap-
proach,40,41 with a direct space sum tolerance of 10−6 and a
spherical truncation of 11 Å. The water molecules were
described by using the TIP3P model42 and a united-atom
representation was adopted for the acyl chains of the POPS
lipid molecules43 while keeping intact the CHARMM27
description of the head groups.
The system was first equilibrated at constant temperature

(300 K) and constant pressure (1 atm), as in the simulations of
multilamellar stacks of lipids. The simulation box was then
extended in the z direction perpendicular to the bilayer (to 360
Å) in order to create air (vacuum)−water interfaces, enabling a
charge imbalance (ΔQ) between the solutions on either side of
the membrane to be imposed.25,44 Including a vacuum slab
between replicas (use of 3D boundary conditions) along the
membrane normal in order to prevent communication between
baths is an alternative workaround to the more costly double
bilayer setup (see the Supporting Information (SI), Figure
S1).26 As far as water slabs that are thicker than 25−30 Å, the
presence of air water interfaces has no incidence on the lipid
bilayer properties and the membrane “feels” as if it is embedded
in infinite baths whose characteristics are those of the modeled
finite solutions. In such a setup, the simulation is carried out at
constant volume, and therefore a surface tension builds in as
the bilayer undergoes electroporation.

The charge imbalance setup enables generating a trans-
membrane voltage by imposing a charge imbalance between the
solutions on either side of the POPS bilayer. Such protocols
aim at mimicking the effects of low-field pulses of microsecond
or millisecond duration applied to this cell that result in an
accumulation of electrical charges at both sides of the cell
membrane. Note that here the “charging” of the membrane is
not modeled. Rather, the simulations are initiated by assuming
that the charging has already taken place, i.e., with a system
already set at a specific (selected) charge imbalance. A charge
imbalance ΔQ between the two sides of the bilayer is generated
by simply displacing at time t = 0 an adequate number of ions
from one side to the other.
Eventually, a set of MD simulations was carried out at

varying transmembrane voltages (see the SI, Table S1). The
lower voltage, giving rise to electroporation on a time scale
accessible to MD simulations, amounts to 4 V. Statistics were
thus gathered specifically at the threshold voltage of 4 V (10
simulations of 20 to 40 ns). Three simulations were also
conducted at higher TM voltages (see the SI, Table S1).

■ EXPERIMENTAL METHODS

The salt solution consists of 0.1 M KCl and 0.01 M Hepes in
the same proportion. NaOH (1 M) was added to obtain a
neutral pH (7.4). POPS (1-pamitoyl 2-oleoyl phosphatidylser-
ine) lipids in powder form (Avanti Polar-Lipids Inc. USA) were
melted in a 9:1 hexane/ethanol solution. A 3:7 mixture of
hexadecane and pentane was used for torus forming.
The chamber where planar lipid bilayers are formed consists

of two 5.3 cm3 Teflon reservoirs separated by a thin Teflon
sheet with a 117 μm diameter round aperture45 on which
bilayers are built by using the Montal−Muller method.46 The
measuring system47 was comprised of four Ag-AgCl electrodes
(2 current and 2 reference electrodes) and consisted of two
modules allowing the measurement of the lipid bilayer
capacitance and the voltage across the bilayer, and a
potentiostat-galvanostat for the current control. The specific
membrane (bilayer) capacitance (cBLM) normalized to the
surface area of the bilayer was measured with capacitance to
period conversion.17 Current clamp measurements were
performed by using a measuring system, as described by
Kalinowski et al.48,49 and by using four Ag-AgCl electrodes
(two current electrodes and two reference electrodes). The
measuring system consists of two modules. The first is a
capacity to period converter, used for measuring the bilayer’s
capacitance. The second is a potentiostat-galvanostat for
current clamp planar lipid bilayer studies. Both modules were
controlled with a personal computer.
Measuring protocols consist of two parts: capacitance

measurement and lipid bilayer breakdown voltage measure-
ment. The membrane capacitance was measured with
capacitance to period converting measuring principle described
in detail by Kalinowski et al. and then normalized to the surface
area of the bilayer to calculate the specific capacitance (cBLM).
We then determined breakdown voltage (Ubr) of each lipid
bilayer by applying linear rising current signals (of slope k) (see
the SI, Figure S2). Six different slopes were selected: 0.5, 1, 4, 8,
10, 20 μA/s. Ubr was defined as the voltage at tbr, when a
sudden drop in the voltage was detected (see the SI, Figure S2).
Voltage breakdown Ubr was measured for 34 planar lipid bilayer
constructs (see the SI, Table S2). The average membrane
capacitance was 0.41 ± 0.13 μF/cm2. Voltage drops such as
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observed in previous studies on POPC were not present in any
of experiment on POPS planar lipid bilayers.

■ RESULTS AND DISCUSSION

MD simulations performed at different TM voltages (ΔQ)
showed that, as demonstrated previously for POPC (palmitoyl-
oleyl-phosphatidyl-choline) membranes, the POPS bilayer
behaves as a capacitor (see Figure 1). Its capacitance of
∼0.71 μF/cm2 (see Figure 1) is 16% lower than the value found
for the POPC membrane (0.85 μF/cm2) under similar
conditions (salt concentration, FF parameters). This is
consistent with the 20% decrease found experimentally (0.51
μF/cm2 for POPC50 and 0.41 μF/cm2 for POPS), which tends
to indicate that the setup and the MD force field we use are
reasonable for comparison between the two bilayers.
As in the case of zwitterionic membranes, the process of

electroporation starts with the protrusion of water wires from
either one or both sides of the membrane (see Figure 2). As far

as only water is concerned, the latter process is reminiscent of
the electric-field-induced transition from a water droplet to a
water wire described by Cramer et al.51 Starting from a water
droplet absorbed on a polar surface droplet, the authors
demonstrated that the rise of the water pillar is induced by an
electrostatic pressure that overcomes surface tension at a critical
field strength. Water defects appear within a few nanoseconds
(1−16 ns with a majority ∼5 ns; see the SI, Table S1). This
then results in the water wires joining in the membrane core.
Such a defect, hereafter called a “hydrophobic pore” to indicate
that the water columns are in contact with the hydrophobic
lipid tails, then expands. In a few occurrences (simulations nos.
4, 5, and 12 of Table S1, SI), as in the case of the POPC, some
lipid head groups dive partially into the pore to stabilize its
structure (“hydrophilic” pore, see Table S1, SI). However,
surprisingly, in a majority of the trajectories, the pores remained
“hydrophobic” (see Figures 1 and 2, well as Figure S3 in the
SI). Regardless of the pore nature, ions were then driven along
the electrical gradient through the pore resulting in a rapid drop
of the TM voltage. Once the TM voltage reaches a few
hundreds of millivolts (0.15 to 0.98 V), conduction stops and
the pores collapse. While full recovery of the membrane is not
observed for tens of nanoseconds in the case of hydrophilic
pores,29,32 resealing of the hydrophobic pores occurred on the
other hand over a much shorter time scale, leading to a few
nanoseconds pore lifetime. Electroporation was observed in
each of the 13 simulations conducted.
To further investigate and corroborate these observations

that suggest a drastic difference between the pores formed in
charged (POPS) and those in zwitterionic (POPC) bilayers, we
conducted experiments under current controlled conditions
(linear rising current) similar to those recently reported for
POPC bilayers.17

We studied bilayers prepared from POPS at 100 mM KCl
concentration. Thirty-four planar bilayers were examined. The
average membrane capacitance was 0.41 ± 0.13 μF/cm2, ∼20%
lower than that of POPC (0.51 μF/cm2).50 Six linear rising
current signal slopes k were used: 0.5, 1.0, 4.0, 8.0, 10.0, and
20.0 μA/s. As in previous investigations, for each system, the
voltage breakdown Ubr was defined as the voltage at the time tbr,
when an abrupt voltage drop due to lipid bilayer rupture was
detected (see Figure 3). The values of Ubr were not statistically
different for the various k values. The average breakdown
voltage Ubr was, however, much higher for POPS bilayers (398
± 108 mV) then for POPC (307 ± 78 mV). Typical traces
previously recorded for POPC are reported in Figure 4.

Figure 1. (Left) Electrostatic potential across a POPS lipid bilayer for different net charge imbalances ΔQ between the upper and lower electrolytes
from MD simulations considering the setup of Figure S1 in the SI. φ(z) is estimated as an in-plane average of the EP distributions (see the SI for
calculation details). As a reference it was set to zero in the lower electrolyte. (Right) TM potential ΔV as a function of the charge imbalance Q per
unit area. The capacitance C of the bilayer can be derived from the slope of the curve.

Figure 2. Snapshots along a representative MD trajectory of the
formation of a hydrophobic pore within a POPS bilayer subject to a
TM voltage of ∼4 V. Yellow and cyan spheres depict Na+ and Cl−

ions, respectively. Note that the phospholipid head groups
(phosphatidyl: dark blue spheres; serine: tan spheres) remain localized
at the lipid−water interface, or at the pore entrance, while water
molecules (blue) flood the pore allowing for ion conduction.
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The voltage traces present transient small voltage drops often
followed by a voltage rerise within a fraction of a second.
Modeling the observed phenomenon by equivalent electric
circuits showed that these events relate to opening and closing
of conducting pores through the bilayer.17 The most peculiar
observation from the extended set of experiments on POPS
bilayers performed here is that no transient voltage drop similar
to those present in the POPC traces was observed in any of the
34 experiments on POPS membrane.
The high number of ion translocations monitored for each of

the 13 simulations carried out in this work (see Table S1, SI)
rule out the hypothesis of a low conductance pore to explain
the lack of voltage drops in our experiments. In light of what
has been found in the MD simulations, no detection of “drop
events” in POPS bilayers may in fact be due to a recovery or
resealing of pores formed as in the case of the POPC bilayers,
which is too fast to be detected with actual measurement time
resolution (0.01s) Accordingly, the traces of the experiments
are consistent with the results from simulations.

■ CONCLUSION
This study shows for the first time a difference in the
electroporation process between a model zwitterionic mem-
brane and a model anionic membrane. While the initial steps of
the electroporation are similar in both cases, several other
parameters are different, among which an increased electro-
poration threshold, a hydrophobic nature of most pores
formed, and a reduced lifetime of the latter. Since the 1970s

the physical mechanism of electroporation (or pore creation)
has been described by the Smoluchowski equation11 where it is
assumed that short-lived hydrophobic pores (i.e., pore with
edges formed by hydrocarbon chains of the lipids) are first
created at a rate S(t) that depends exponentially on the square
of the transmembrane potential ∼V. Pores with radii r above a
critical radius (r* ≈ 1 nm) convert then spontaneously to long-
lived stable hydrophilic pores. The overall process is governed
by S(t) and by the energy of the hydrophilic pore W(r).13,52

The possible existence of stable hydrophobic conductive pores
challenges this interpretation.
Overall the present study indicates that the electroporation

process is modulated by the nature of the membrane and may
be different than so far assumed in “real” membranes made of a
complex mixture of lipids, proteins, and sugars, possibly
presenting domains with different lipid phases. Accordingly,
the impact of our findings ought to be considered in biomedical
applications of electroporation. On the biolotechnological
front, protocols using electroporation to trigger drug-release
from smart-liposome-based nanocarriers are being devised.53,54

Our study suggests that such approaches can be fine-tuned by
selecting specific lipid composition, including negatively
charged species.
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